Ageing is the decline in survival probability and fertility later in adult life. It can evolve through mutation accumulation and pleiotropy. Arti¢cial selection by age at reproduction is a useful method for detecting the e¡ects of pleiotropy, and for producing lines that di¡er in their rate of ageing for further analysis. However, the approach has encountered di¤culties from gene^environment interaction and inadvertent selection. We have produced a new set of selection lines in Drosophila melanogaster, breeding from either young' or`old' adults, and avoiding some of the di¤culties present in previous studies. Breeding from older adults resulted in an evolutionary increase in survival but, contrary to all previous studies using this method, in no increase in late-life fertility. The increase in survival was accompanied by an evolutionary decline in fertility early in adult life, con¢rming the importance of pleiotropy in the evolution of ageing. Contrary to previous studies, there were no correlated responses to selection in the pre-adult period; development time, larval competitive ability and adult size achieved did not di¡er between the lines from the two selection regimes.
INTRODUCTION
Ageing is a drop in survival probability and fertility with advancing adult age. Despite its deleterious consequences, ageing can evolve because of the declining force of natural selection at older ages. Extrinsic causes of mortality mean that the bearers of mutations with deleterious e¡ects later in the life span are more likely already to be dead by the age of expression. Ageing can then appear as a result of greater accumulation of lateacting deleterious mutations under mutation^selection balance (Medawar 1946 (Medawar , 1952 Hamilton 1966; Charlesworth 1990 Charlesworth , 1994 and through pleiotropy (trade-o¡s) as a result of constrained life-history optimization (Williams 1957 (Williams , 1966 Charlesworth 1994; Kirkwood & Rose 1991; Partridge & Barton 1993) .
A productive experimental approach to understanding the evolution of ageing has been arti¢cial selection by age at breeding, particularly in Drosophila (Wattiaux 1968; Rose & Charlesworth 1981) .`Young' lines, in which only young adults reproduce, are contrasted with`old' lines, in which adults reproduce for some time before the eggs that will produce the next generation are collected (e.g. Luckinbill et al. 1984; Rose 1984) . Since more death occurs before the eggs are collected in the`old' lines, they are more strongly selected for adult survival, and a usual direct response to selection is greater survival of the`old' lines (e.g. Rose 1984; Luckinbill et al. 1984; Partridge & Fowler 1992; Roper et al. 1993; Zwaan et al. 1995a) . Since eggs are in general collected without controlling for variation in fecundity among individuals (but see Zwaan et al. 1995a) , the most fecund among the survivors will contribute most progeny to the next generation.`Old' lines have typically been reported to exhibit greater late-life fecundity than do`young' lines (e.g. Rose 1984; Luckinbill et al. 1984; Partridge & Fowler 1992; Roper et al. 1993) .
If the pleiotropy theory of ageing applies in practice, then the direct responses to selection in`old' selection lines should have deleterious consequences earlier in life. The pattern of correlated responses to selection has been inconsistent. The most repeatable ¢nding has been lower fecundity early in life in`old' lines (e.g. Luckinbill et al. 1984; Rose 1984) , including lines where selection for latelife fertility was eliminated in the`old' lines (Zwaan et al. 1995a) . Even this ¢nding has not been consistent between di¡erent selection experiments (Partridge & Fowler 1992; Roper et al. 1993) or between the same selection experiment at di¡erent stages (Leroi et al. 1994a,b) . Correlated responses in the pre-adult part of the life history have also varied. Higher duration of the pre-adult period iǹ old' lines was found in two sets of lines (Partridge & Fowler 1992; Roper et al. 1993; Chippindale et al. 1994 Chippindale et al. , 1996 . However, no change in pre-adult development time could be detected in a set of lines directly selected only for adult longevity (Zwaan et al. 1995a) . Furthermore, selection on development time did not produce a correlated response in adult longevity (Zwaan et al. 1995b) . The increase in development time in`old' selection lines presumably therefore arose as something other than a correlated response to selection on life span. Moreover, in one set of lines the increase in the duration of pre-adult development in`old' lines was associated with a decrease in pre-adult viability (Partridge & Fowler 1992; Roper et al. 1993) , but in the other with an increase (Chippindale et al. 1994 (Chippindale et al. , 1996 .
Arti¢cial selection on age at reproduction has had two problems: gene^environment interaction and inadvertent selection, which may explain discrepancies in the data. For instance, Leroi et al. (1994a,b) reported that the higher fertility of`young' lines gradually disappeared over a period of years, with the`old' lines eventually showing greater fertility at all ages. However, the di¡er-ence in fertility between lines from di¡erent selection regimes depended on the environment in which it was measured; in the standard testing environment used over the years, the`old' lines showed higher fertility at all ages, whereas the`young' lines showed higher early fertility in the conditions under which the`young' (but not the`old') lines were selected (Leroi et al. 1994a,b) . Geneê nvironment interaction therefore obscured the correlated response in early fertility.
Inadvertent selection can cause the spurious appearance of correlated responses. The gene^environment interaction just reported arose because of adaptation to di¡erences other than those intended between the selection regimes, particularly in the level of nutrition (Leroi et al. 1994a,b) . Unintended direct selection on duration of pre-adult development time can also occur, as a result of uncontrolled larval density (e.g. Luckinbill et al. 1984; Luckinbill & Clare 1985; Partridge & Fowler 1992; Roper et al. 1993) .`Young' line adults are more numerous and more fecund at the time when their eggs are collected and they will, if larval density is not controlled by the experimenter, produce higher larval density cultures. Higher larval densities can select for faster larval development (Roper et al. 1996) . Direct selection pressure on development time may also come from inadvertent selection for rapid reproductive maturation in`young' lines. Flies take some days after eclosion to reach full fecundity. Because eggs have been collected from`young' lines immediately after eclosion, selection for rapid maturation can occur, which could in turn select for more rapid preadult development. Studies with two sets of lines have shown that this kind of inadvertent selection can be important (Roper et al. 1993; Chippindale et al. 1994 Chippindale et al. , 1996 . Rapid pre-adult development could in turn cause spurious responses and correlated responses to selection later in life.
Other methods can be used to study the contribution of mutation accumulation and pleiotropy to the evolution of ageing (e.g. studies of age-speci¢c e¡ects of standing genetic variance Promislow et al. 1996) ), of new mutational variance (e.g. Pletcher et al. 1998) , the e¡ects of inbreeding (Charlesworth & Hughes 1996) , transgenesis (Stearns & Kaiser 1996) and environmental manipulation (e.g. Partridge et al. 1987; Chippindale et al. 1993) . However, selection lines have some advantages. New mutations as well as standing genetic variation can contribute to the response. Lines su¤ciently diverged by selection can be used to map and identify the genes responsible for di¡erences in life span. Mechanisms of pleiotropic gene action, if such occur, can then be studied. Environmental manipulation of selection lines can also be revealing of the mechanisms responsible for the di¡er-ences between them (e.g. Chippendale et al. 1993; Partridge & Fowler 1992) . We have therefore produced a further set of lines selected by age at reproduction, avoiding other di¡erences between selection regimes by controlling larval density, food supply and the physical environment, and avoiding direct selection on age at ¢rst breeding. The life-history traits of the lines were measured under conditions identical to those prevailing during selection. We controlled for e¡ects of inbreeding, and compared the lines with the base stock from which they were derived, allowing us to deduce the direction of evolutionary change in the selection lines. We used a base stock for selection that had been maintained in population cage culture with overlapping generations for 28 years, and which therefore would not have su¡ered the e¡ects of mutation accumulation for traits expressed in the later part of adult life, as can occur in stocks maintained with short, discrete generations (Mueller 1987; Promislow & Tatar 1998 ).
MATERIALS AND METHODS

(a) Selection lines
The selection lines were initiated from the random bred Dahomey base stock collected in Dahomey, now Benin, West Africa in 1970 and maintained since then in population cage culture with overlapping generations, at 25 8C on a 12 h light:12 h dark cycle. To obtain the parents of the individuals for the ¢rst generation of selection, culture bottles containing 60 ml of Lewis medium were placed in the base stock population cage and removed when a low density of eggs had been laid. The emerging adults were used to generate egg collections on grapejuice agar medium in laying pots (60 mm Â 35 mm diameter). First instar larvae were picked from the surface of the medium using a trimmed paint brush and put into vials of 7 ml Lewis medium at a density of 50 larvae per vial. The larvae were allowed to develop to adulthood, and the resulting £ies were used to initiate ¢ve`young' and ¢ve`old' selection lines.`Young' and`old' lines di¡ered in the age at which they reproduced. Selection for rapid development or an earlier age of ¢rst breeding in the`young' lines, and unequal levels of inbreeding in the two selection regimes were avoided. All pupae were allowed to eclose. For the`young' lines 250 females and males and for the`old' lines 450 females and males were introduced into Perspex population cages (200 mm Â 200 mm Â 300 mm). Fly numbers took into account mortality in the`old' lines, and ensured that approximately the same numbers of adults in the two selection regimes contributed eggs to the next generation. The adults were kept with a water source, and yeast paste spread thickly on Petri dishes of grape-juice agar medium, renewed three times per week. Seven days after the last adults had eclosed in the`young' lines and 3^4 weeks later in the`old' lines depending on mortality (assessed by collecting corpses), eggs were collected on grape-juice agar medium for 5 h. Hatching ¢rst instar larvae were set up in standard density vials.
(b) Measurement of life-history traits Development times were measured four times: after 18 generations of selection in the`young' lines and nine in the`old', after 29 and 15 generations, after 38 and 20 generations, and after 59 and 31 generations. Parents of the experimental individuals and the experimental individuals themselves were reared at larval density 50 in vials, from eggs collected from one-weekold adults on grape juice medium in population cages. Ten vials per selection line and per ¢ve base stock replicates were set up and checked every 12 h for enclosing adults, which were sexed and counted. Vials means were calculated for the interval between the mid-point of the egg collection and the time of collection of the female and male adults.
Body size of adults was measured at`young' generations 38 and 60. At generation 38, ten vials for each selection line and for two replicates of the base stock were set up at density 50 per vial. Five adults of each sex were measured per vial. At generation 60, ¢ve base stock replicates were included, and ten adults of each sex per vial were measured. Thorax length was measured to the nearest 0.01mm, from the base of the anterior humeral bristle to the tip of the scutellum, using an eyepiece graticule in a binocular microscope, with £ies laid on their sides.
The competitive survival of larvae was measured at generation 38. Simultaneously with those for the selection lines and base stock, population cages were set up with £ies of a standard competitor stock bearing the mutant scarlet in a Dahomey genetic background. First instar larvae were set up in mixed cultures containing larvae from the selection line or base stock, and the mutant-marked scarlet competitor, in a ratio of 1:2. Ten vials per selection line and two base stock replicates were set up at total larval density 150, and seven vials each at total larval density 300. The numbers of eclosing adults that were wild-type or scarlet was recorded, and converted to a percentage of the total that were wild-type.
The survival of adult females of the selection lines was measured after 15 generations of selection in the`young' lines and eight in the`old', and again after 31 generations of selection in the`young' lines and 16 in the`old', this second time including ¢ve base stock replicates. The females were reared as during selection. Two hundred and ¢fty females of each selection line (and the base stock in the second experiment) were introduced into a population cage, with 250 base stock males, to provide standard males for all females. Cages were maintained as during selection. Each time a new laying plate was introduced (three times per week) all £y corpses were removed from the cages and sexed, and female deaths were recorded.
The fertility of adult females of the selection lines and ¢ve replicates of the base stock was measured at the same times as survival, under the same conditions as during selection. Egg collections were taken at one, three, four and ¢ve weeks in the ¢rst experiment and one, three and four weeks in the second. Egg collections were made daily for three days, and lasted for 5 h at one week, extending to 12 h at four weeks as fertility fell. The laying medium was cut into slices and placed in culture bottles of Lewis medium, no more than 150 eggs to a bottle; hatching larvae were allowed to develop through to adulthood, and the £ies were collected and counted. At these larval densities, survival was close to 100% for larvae of all lines and the base stock. The number of progeny £ies produced was divided by the number of females alive at egg collection, to give a measure of fertile eggs per female. The three measures for successive days were combined for each selection line (or each base stock replicate) for each week that measurements were made.
(c) Statistics
The data for development time, adult body size and larval competitive ability did not deviate signi¢cantly from normality or equality of variance, and were subjected to analysis of variance. Vial means were used as replicates in the analyses. For development time, selection regime, sex and generation were ¢xed main e¡ects, with replicate lines nested within selection regime as a random factor. For thorax length the analysis was similar, except that the two generations were analysed separately. For larval competitive ability the analysis was similar, with selection regime and density as ¢xed main e¡ects.
The survival data showed a lack of ¢t to both the Gompertz distribution, with too few deaths early on and too many later, and to the Weibull distribution, with too many deaths early in life. Non-parallel changes in mortality rates and crossing of survival curves indicated that use of the proportional hazards model was probably also inappropriate. We therefore analysed the data using the log rank test, allocating the selection lines and the base stock replicates to ¢ve independent comparisons on the basis of the line numbers arbitrarily allocated to them before selection commenced.
For fertility, the line means (replicate means for the base stock) were subjected to one-way analyses of variance for each sampling interval separately.
All statistical analyses were done using JMP (SAS Institute Inc. 1994).
RESULTS
Development time data are shown in ¢gure l. Analysis of variance showed highly signi¢cant (p50.000l) main e¡ects of sex (females develop faster than males) and of generation, and a signi¢cant (p50.05) e¡ect of selection regime. Contrast analysis revealed signi¢cant (p50.05) divergence in development time between the old lines and the base stock. There was also signi¢cant (p50.05) variation between replicate lines. There was a highly signi¢cant (p50.000l) interaction between selection regime and generation. By generation 60, the base stock developed signi¢cantly more rapidly than the lines from either selection regime. No other interactions were signi¢cant.
Analysis of variance for thorax length data (not shown) showed no signi¢cant e¡ect of selection regime and a highly signi¢cant (p50.0001) e¡ect of sex (females are larger than males). There was signi¢cant (p50.05 ¢rst experiment, p50.000l second experiment) divergence between the lines within selection regimes, and also a signi¢cant (p50.05) line^sex interaction. The analysis of variance on larval competitive ability (data not shown) showed no signi¢cant main e¡ects or interactions.
The survival curves for females of selection lines and the base stock are shown in ¢gure 2. The ¢ve replicatematched comparisons (table 1) showed that, at generation 15, for ¢ve out of ¢ve of the comparisons the`old' lines showed greater survival than the`young' lines, in four cases signi¢cantly (p50.0001) so. However, there was considerable overlap between the survival curves for the lines of the`young' and`old' selection regimes. At generation 31 the pattern was clearer, with all ¢ve paired di¡erences signi¢cant (p50.0001). At generation 31, in three comparisons the`young' lines had signi¢-cantly (p50.0001) higher survival than the base stock, in one the di¡erence was not signi¢cant and in the last the base stock showed signi¢cantly (p50.0001) higher survival. There was therefore no evidence for a Age at reproduction in Drosophila melanogaster L. Partridge and others 257 signi¢cant di¡erence in survival between`young' lines and base stock. To get some idea if there was any agespeci¢city for the di¡erence in mortality between the lines from the`young' and`old' selection regimes, we calculated mortality rates (log %) for each line for each ten-day interval (¢gure 3). We omitted the ¢rst ten-day interval, because death rates were very low (zero for many lines). Our sample sizes are marginal for this approach, and a comparison using larger sample sizes is needed, but inspection of ¢gure 3 suggests that mortality rate di¡erences in the 10^30-day period were largely responsible for the di¡erence in overall longevity. The ANOVAs on the data for fertility in week 1 (¢gure 4) showed a signi¢cant (p50.01 ¢rst experiment, p50.001 second experiment) e¡ect of selection regime. Contrast analysis revealed that the`young' lines and the base stock did not di¡er signi¢cantly from one another in either experiment, while both the`young' lines (p50.01 ¢rst experiment, p50.001 second experiment) and the base stock (p50.05 ¢rst experiment, p50.01 second experiment) were signi¢cantly more fertile than the`old' lines. There was no signi¢cant variation in fertility between selection regimes in subsequent sampling intervals in the ¢rst experiment. At week three in the second experiment there was signi¢cant (p50.05) variation between selection regimes, with the`young' lines signi¢-cantly more fertile than both the base stock (p50.05), and the`old' lines (p50.01), and no signi¢cant di¡erence between the base stock and`old' lines. At week four there was no signi¢cant variation in fertility between selection regimes.
DISCUSSION
The greater survival of`old' lines relative to`young' has been observed repeatedly as a direct response to selection by age at breeding (see ½ 1) and was observed in the present experiments. The`old' lines also increased their survival relative to the base stock, indicating that they had shown an evolutionary change in survival as a result of the selection regime. The`young' lines did not di¡er signi¢cantly in survival from the base stock, suggesting that, by generation 31 at least, the general conditions during selection had not in themselves a¡ected life span. Mortality rate di¡erences in the 10^30-day age classes appeared to be largely responsible for the di¡er-ence in longevity, but this ¢nding requires con¢rmation with larger sample sizes.
A novel result of the present study was the absence of any discernible response in late fertility in the`old' lines. If anything, the`young' lines were more fertile than thè old' lines, since at week three and in generation 31 this di¡erence was statistically signi¢cant. This result suggests that the increase in late fertility observed in`old' lines in previous experiments may have been an artefact. The main di¡erence between the selection procedure in the present study and that in previous ones was in the age at reproduction in the`young' lines; pressure for an early age of ¢rst breeding was avoided by allowing all £ies to become reproductively mature before progeny were collected. In previous studies, there may have been a drop in late fertility in the`young' lines as a result of selection for rapid pre-adult development to give an early age of reproductive maturity. One previous study that compared`young' lines with the base stock from which they were derived detected such a drop in late fertility (Roper et al. 1993) . In addition, uncontrolled larval density in that and other studies (see ½ 1) may have exacerbated the problem. The important conclusion of this part of the study, therefore, is that the increase in late fertility previously seen in`old' selection lines was probably at least in part an artefact of inadvertent selection for early breeding in the`young' lines and of uncontrolled larval density in some studies. The absence of any direct response to selection for late fertility in the`old' lines in the present study suggests that alleles that can produce an age-speci¢c increase in fertility may be rare. An earlier study of new mutations (Houle et al. 1994) showed positive correlations between the e¡ects on fertility at di¡erent ages and similar ¢ndings have been made for the e¡ects of standing genetic variance , again suggesting that age-speci¢c genetic e¡ects on fertility may be absent. It will be important to establish if an increase in late fertility appears later in selection.
The most obvious correlated response to selection was in early fertility;`old' lines females were signi¢cantly less fertile in week one than were either`young lines or base stock female. This correlated response to selection has been observed repeatedly, and the results of the present study suggest that, in lines where the response was not observed or where it disappeared with time (see ½ 1), di¡erences in larval density or in nutrition between the selection regimes were obscuring it. The`young' lines and the base stock did not di¡er in fertility from one another at any stage in either experiment, demonstrating that conditions during selection had not in themselves had any detectable e¡ect on fertility.
There were no correlated responses to selection in any of the pre-adult life-history traits; the`young' and`old' lines showed no signi¢cant di¡erences for development time, body size or larval competitive ability. The only signi¢cant divergence observed for these traits was between the`old' lines and the base stock for development time. Inspection of ¢gure 1 shows that, by generation 60, both sets of selection lines were developing signi¢cantly more slowly than the base stock. The selection lines were kept at lower larval densities than those prevailing in the base stock population cages, and lowered larval density can lead to the evolution of extended development time (Roper et al. 1996) . Our results for development time con¢rm the ¢ndings of previous studies showing that selection for longevity does not produce a correlated response in larval development time (Zwaan et al. 1995a) or vice versa (Zwaan et al. 1995b) . The data for body size and larval competitive ability con¢rmed the absence of e¡ects of selection by age at breeding on the pre-adult part of the life history.
A potential criticism of all selection experiments on age at reproduction to date is that lines are propagated either from`young' or from`old' adults. But this procedure does not mirror nature, where selection for increased life span is likely to occur in circumstances where selection for early fertility is maintained. It would be instructive to compare lines selected solely by early reproduction with lines selected for high reproduction at all ages. The pattern of correlated responses observed might well be di¡erent from those recorded so far.
